Rationale Neural deficits at the interface of affect and cognition may improve with pharmacotherapy in pediatric bipolar disorder (PBD). Objectives We examined lamotrigine treatment impact on the neural interface of working memory and affect in PBD. Methods Un-medicated, acutely ill, patients with mania and hypomania (n=17), and healthy controls (HC; n=13; mean age=13.36±2.55) performed an affective two-back functional magnetic resonance imaging task with blocks of angry vs neutral faces (i.e., angry face condition) or happy vs neutral faces (i.e., happy face condition) before treatment and at follow-up, after 8-week treatment with secondgeneration antipsychotics followed by 6 weeks of lamotrigine monotherapy. Results At baseline, for the angry face condition, PBD, relative to HC, showed reduced activation in the left ventrolateral prefrontal cortex (VLPFC) and right caudate; for the happy face condition, PBD showed increased activation in bilateral PFC and right amygdala and middle temporal gyrus. Post-treatment, PBD showed greater activation in right amygdala relative to HC for both conditions. Patients, relative to HC, exhibited greater changes over time in the right VLPFC and amygdala, left subgenual anterior cingulate cortex and left caudate for the angry face condition, and in right middle temporal gyrus for the happy face condition. Conclusions Pharmacotherapy resulted in symptom improvement and normalization of higher cortical emotional and cognitive regions in patients relative to HC, suggesting that the VLPFC dysfunction may be state-specific in PBD. Amygdala was overactive in PBD, relative to HC, regardless of reduction in manic symptoms, and may be a trait marker of PBD.
Introduction
The current study examined the effects of pharmacotherapy on the neural interface of working memory and emotion processing among un-medicated, acutely ill adolescents with pediatric bipolar disorder (PBD), types I and II, while performing an affective working memory task. It is important to study this issue in PBD since findings in PBD studies suggest that the functional interface of ventral affective systems (including the ventrolateral prefrontal cortex (VLPFC; Brodmann areas (BA) 45 and 47), the ventromedial prefrontal cortex (VMPFC; BA 10-12), the pregenual (BA 24) and subgenual anterior cingulate cortex (ACC; BA 25), and the amygdala) and dorsal cognitive systems, which are composed of the dorsolateral prefrontal cortex (DLPFC; BA 9 and 46), the dorsal ACC (BA 32/24), and temporo-parietal regions (BA 21 and 40; Dolcos and McCarthy 2006; Philips et al. 2008; Pavuluri et al. 2008 Pavuluri et al. , 2010a Pavuluri et al. , 2011 Passarotti et al. 2010a, b, c; Hart et al. 2010) are impaired to varying degrees in bipolar disorder (BD) illness or mixed samples of illness and euthymic states (Rich et al. 2006; Pavuluri et al. 2008 Pavuluri et al. , 2009a Pavuluri et al. , 2010a . Similarly, amygdala hyperactivity is seen in patients with BD with manic symptoms (Foland et al. 2008) or in remission (Pavuluri et al. 2007 (Pavuluri et al. , 2009a ; Versace et al. 2010; Gruber et al. 2009 ).
In order to probe the interface of working memory and affect processing systems with a task close to real-life challenges, we adopted a two-back working memory paradigm that typically engages an extended working memory network of fronto-striato-parietal regions (Smith and Jonides 1998; Baddeley 2003; Owen et al. 2005) including lateral prefrontal regions for maintenance, manipulation, and selection processes (Petrides 1994) , the dorsal ACC for stimulus and response selection, and the inferior parietal cortex and precuneus for attention allocation and working memory storage (Smith and Jonides 1998) . Furthermore, to examine pharmacotherapy effects specifically on the neural interface of working memory and affect processing, which has not been done previously in PBD, we employed affective face stimuli to elicit affective responses with to-be-remembered emotional faces. This type of stimuli has been successfully used to probe amygdala response both in adults (Foland et al. 2008; Versace et al. 2010 ) and children (Rich et al. 2006; Pavuluri et al. 2007 Pavuluri et al. , 2009a Passarotti et al. 2010c; Brotman et al. 2010) with BD, and in the context of n-back tasks in healthy adults and children (Braver and Bongiolatti 2002; Casey et al. 1995) . The brain regions engaged by this affective working memory task are also differentially implicated in BD pathology and other illnesses with mood dysregulation. Using this same paradigm, Passarotti et al. (2010c) found significant differences in activation in the ventral affective and the dorsal cognitive systems in PBD as compared with ADHD or healthy controls (HC). Specifically, for angry vs neutral faces, PBD patients exhibited greater activation than ADHD patients in subgenual ACC and orbitofrontal cortex and reduced activation in DLPFC, while, relative to HC, the PBD patients showed reduced activation at the junction of the DLPFC and VLPFC, a region at the interface of cognitive and affective processes (Petrides and Pandya 2002) . Similar regions of dysfunction in PBD were implicated during encoding of emotional faces in a study by Dickstein et al. (2007) . Moreover, using a similar memory task with faces, Roberson-Nay et al. (2006) found increased amygdala and hippocampal activation in youth with depression compared with youth with anxiety or healthy controls.
In the present study, we wished to examine how lamotrigine treatment may improve mood regulation and alter the impact of affective arousal on working memory circuits in PBD. The stability of these alterations over time may depend on treatments used to achieve clinical stabilization. Lamotrigine is a broad-spectrum anticonvulsant that aids mood stabilization in bipolar disorder and decreases CNS excitability (Geddes et al. 2009; Goodwin et al. 2004) . Its mechanisms of action include modulation of sodium channels to improve mood regulation and glutamatergic attenuation to improve cognition (White 1999; Wang et al. 2001; Geddes et al. 2009 ). While there is still some disagreement on its effectiveness as a mood stabilizer (Young 2004) , given the lack of a strong consensus on what is needed to consider an agent efficacious as a mood stabilizer (Bauer and Mitchner 2004) , lamotrigine has been found to be safe and effective in improving mood regulation both in terms of manic and depressive symptoms (Chang et al. 2008; Pavuluri et al. 2009c; Biederman et al. 2000) , and there is initial evidence that it improves function in prefrontal circuits involved in motor response inhibition as well as performance during working memory tasks in PBD. Therefore, this is a clinically used intervention for achieving manic remission in PBD.
Several attempts have been made to use functional magnetic resonance imaging (fMRI) to track treatment effects on functional brain systems in patients relative to HC. There are currently three published studies on the effect of lamotrigine treatment on affective and cognitive neural systems in patients with PBD. In an important initial study, Chang et al. (2008) found that, in children with bipolar depression, lamotrigine treatment led to a decrease in right amygdala activation during an emotion rating task and that there was a significant correlation between decreased right amygdala activation and reduction in depressive symptoms. However, this study did not have an HC group; therefore, it is still an open question whether the decreased amygdala activation found in the PBD patients would correspond to normalized activation of this region relative to HC, or whether the amygdala would still be hyperactive relative to HC. Furthermore, other recent studies showed that lamotrigine treatment in patients with hypo/mania led to increased activation in VMPFC during a motor response inhibition task ) and an affective color matching task with emotional words . Taken together, these initial studies suggest that lamotrigine may be useful in PBD, especially to aid the VLPFC function, since this region serves as an important interface of cognition and affective systems Pavuluri et al. 2009a Pavuluri et al. , b, 2008 .
In the present study, pharmacotherapy consisted of second-generation antipsychotics (SGAs) followed by lamotrigine maintenance over 14 weeks (see details in "Methods").
Based on previous studies with similar cognitive and affective paradigms (Pavuluri et al. 2008 Passarotti et al. 2010a , c), we hypothesized that, at baseline (i.e., before treatment), relative to HC, the PBD group would show increased amygdala activity and decreased prefrontal activity in regions involved in working memory (DLPFC and dorsal ACC) and affect appraisal and regulation (VLPFC, VMPFC, and ventral ACC). We also predicted more severe neural dysfunction in PBD relative to HC at baseline with negative valence stimuli (i.e., angry faces) than with positive valence stimuli (i.e., happy faces), since the greater emotional challenge of negative emotions may disrupt more significantly the already present dysfunctional regulatory systems in PBD (Pavuluri et al. 2008 Passarotti et al. 2010b, c) . Specifically, based on previous findings (Pavuluri et al. 2008 Passarotti et al. 2010b, c; Dickstein et al. 2007 ), we predicted that, at baseline, PBD relative to HC would show decreased activation in prefrontal regulatory regions for angry faces and increased activation in similar circuits for happy faces.
Moreover, based on findings from our previous lamotrigine fMRI studies , c), we predicted normalization of function in regulatory prefrontal regions in patients after treatment. However, given discordant findings in subcortical activity in remission, we also wanted to ascertain whether amygdala activation would normalize (Chang et al. 2008; Van der Schot et al. 2010) or remain overactive (Lawrence et al. 2004; Blumberg et al. 2003; Pavuluri et al. 2007; Foland et al. 2008; Pavuluri et al. 2009a) in PBD patients relative to HC.
Methods
The present study was approved by the Institutional Review Board (IRB) at the University of Illinois at Chicago and has therefore been performed in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki. This study was a prospective 14-week outpatient open-label trial. During the first 8 weeks, lamotrigine was prospectively titrated up alongside SGAs in PBD patients. This was followed by 6 weeks of lamotrigine monotherapy at a dose consistent with standard clinical practice (Fig. 1) . The SGAs served as rescue medication during acute treatment in order to stabilize acute hypo/manic symptoms during the initial titration phase of lamotrigine given the necessity to gradually titrate up the dose of lamotrigine over 8 weeks to avoid rash (Pavuluri et al. 2009c) . The fMRI affective n-back task was administered to all participants at baseline, before treatment initiation, and at follow-up. HC subjects did not receive treatment but were tested at baseline and retested at follow-up to account for potential changes in brain activation due to practice effects.
Participants Participants with PBD (n=17) were recruited from the child psychiatry clinics at the University of Illinois at Chicago (UIC), and healthy controls (n=13) were recruited from the neighboring community through advertisement. Prior to inclusion in the study, we obtained an assent for children younger than age 15 years and an informed consent for adolescents aged 15 years or older. Consent from at least one parent or legal guardian was always obtained. Groups were matched for age, sex, race, socioeconomic status (SES), IQ as estimated with the Wechsler Abbreviated Scale of Intelligence (WASI 1999) , and handedness as measured by a handedness questionnaire (Annett 1970) .
Inclusion criteria for subjects with PBD were as follows: Diagnostic and Statistical Manual for Mental Disorders, Fourth Edition (DSM-IV) diagnosis of BD with either a mixed, manic, or hypomanic episode (American Psychiatric Association 1994) with BD type I (n=9) or type II (n=8), 10 to 18 years of age, a baseline score greater than 12 on the Young Mania Rating Scale (YMRS) (Young et al. 1978) , and consent to be scanned in Fig. 1 Illustration of 14-week pharmacological treatment which consisted of secondgeneration antipsychotics (SGAs) for acute mania followed by lamotrigine for maintaining stable mood a medication-free state. Patients were either medication free (not requiring a washout at study entry) or sufficiently unstable on prior medications to justify discontinuation of an ineffective treatment prior to the beginning of lamotrigine treatment with the consent of parents and assent of patients. The washout period consisted of tapering previous medications over 1 week prior to study entry, except for those who received aripiprazole for whom there was a 4-week washout period. All patients were medication free for at least 7 days prior to scanning. None of the patients were on fluoxetine that would have required a longer washout period. Close clinical supervision and monitoring was provided during drug-free periods according to the approved IRB protocol. HC participants were excluded if they met criteria for a DSM-IV Axis I disorder or had a family history of bipolar disorder, schizophrenia, depression, autism, alcohol or drug abuse, ADHD, learning disability or obsessive compulsive disorder (OCD). Inclusion criteria for HC included being 10-18 years of age and having a baseline YMRS score of <12. Exclusion criteria for all subjects included: current substance abuse/dependence, comorbid psychiatric diagnosis requiring pharmacotherapy, including ADHD, schizophrenia, autism, psychosis not otherwise specified, pervasive developmental disorder, compulsive disorder (CD), OCD, and serious medical illness. Also, patients and HC were excluded from the study if they had a history of non-febrile seizures, head trauma with loss of consciousness for more than 10 min, neurological symptoms, speech or hearing difficulties, a full-scale IQ score of less than 70, a history of substance abuse, previous exposure to lamotrigine, and any contraindications to magnetic resonance imaging (MRI) scans (i.e., metal implants, retractors, braces, established or possible pregnancy, and claustrophobia).
Of the patients who met the inclusion criteria, one had a comorbid diagnosis of social phobia, one of generalized anxiety disorder, and one of oppositional defiant disorder (ODD).
Assessment The subject and a parent or legal guardian were interviewed by a board-certified child psychiatrist (MNP), or an advanced practice nurse and another boardcertified clinician within our program, using the Washington University in St Louis Kiddie Schedule for Affective Disorders and Schizophrenia (Geller et al. 1998) supplemented by the episode characterization of BD from the KSADS-Present and Lifetime versions (Kaufman et al. 2000) . The primary clinical measures of treatment efficacy were the YMRS and the Child Depression Rating Scale-Revised (CDRS-R; Poznanski et al. 1984) . All available clinical information was reviewed to make a consensus clinical diagnosis. Live diagnostic interviews of ten cases were independently coded by two researchers to establish inter-rater scoring reliability (Cohen's kappa=0.94).
Pharmacotherapy The order of preference for SGAs during the lamotrigine titration phase was: risperidone, aripiprazole, quetiapine, and ziprasidone. The order was modified according to the report of previous ill effects of any SGA. For example, if a patient did not respond to risperidone and became agitated on aripiprazole, she or he received quetiapine. The SGA was slowly withdrawn over 2-4 weeks as tolerated (i.e., between the fourth-and eighth-week periods). An overall guideline for withdrawal of SGAs was followed with reduction at 0.25 mg of risperidone, 2.5-5 mg of aripiprazole, 25-50 mg of Seroquel, or 20-40 mg of ziprasidone, every other day until they were off of the SGA. Benzotropine was allowed only during the first 4-week period on an "as-needed" basis for extrapyramidal symptoms if on SGAs.
Lamotrigine dosing over 14 weeks During week 1, the starting dose of lamotrigine was 12.5 mg (Fig. 1 ). This was increased at 12.5 mg/week for the first 4 weeks, 25 mg/ week for the next 2 weeks, and titrated to 200 mg by 8 weeks. All patients remained on a dose of 200 mg from weeks 8 to 14, and the follow-up scan was performed on the 14th week.
Symptom remission Based on the research study goals, at follow-up, we defined patients in terms of post-treatment remission (i.e., YMRS score<12) or non-remission (i.e., YMRS score>12) of manic symptoms. Eighty-three percent of the PBD patients (i.e., 14/17) were in remission of manic symptoms and did not meet the DSM-IV (American Psychiatric Association 1994) criteria for mania, hypomania, or depression. Therefore, 83% of patients met the criteria for euthymic state.
The affective two-back task with emotional faces
After a brief training session in a mock scanner, participants underwent an fMRI scanning session when they were administered a block design two-back working memory task with emotional faces for 7 min. Our face stimuli were 160 Gur emotional faces (Gur et al. 2002) with neutral, angry, or happy expressions that were balanced by gender, race, and facial expression. The paradigm involved two runs. The first run consisted of four alternating 30-s blocks of angry and neutral faces (i.e., angry face condition), and the second run consisted of four alternating 30-s blocks of happy and neutral faces (i.e., happy face condition). Face blocks were presented in a counter-balanced pseudo-random sequence. On each trial, a face stimulus with a certain emotion (i.e., happy or angry) or a neutral expression was presented for 3 s, and subjects responded by pressing a response key if they saw the same face as the one presented two trials earlier (Fig. 2) . A two-back match trial always required a match both in face identity and face emotion. Unlike a previous emotional n-back task where participants had to ignore irrelevant emotional information presented in the background (Casey et al. 2000) , in our paradigm the emotion was integral to the processing. We decided to avoid having trials with a match based on either face identity or face emotion alone, in order to avoid confounds due to selective attention processes in this working memory task that may complicate data interpretation. A 20-s fixation mark in between blocks allowed for emotional arousal to return to baseline and for a rest period during the attention demanding task (Pavuluri et al. 2007) . A color high-resolution LCD projector projected visual stimuli onto a rear projection screen that was viewed via an angled double mirror system mounted on a standard GE head coil.
MRI protocol
Gradient-echo echo-planar functional imaging and struc tural acquisitions were performed with a 3.0 Tesla whole body scanner (Signa, General Electric Medical System, Milwaukee, WI). We acquired 25 slices in the axial plane (TE=25 ms; flip angle=90°; field of view=20=20cm 2 ; acquisition matrix=64=64; TR=2.5 s; slice thickness= 5 mm with 1 mm gap). Anatomical images were also acquired in the axial plane (three-dimensional spoiled gradient recalled (SPGR), 1.5-mm thick contiguous axial slices) and were later co-registered with the functional data.
Image processing and data analysis
We used FIASCO software (Functional Imaging Analysis Software-Computational Olio; Eddy et al. 1996) to implement 3D motion estimation and motion correction, and to remove slow signal drift. Individual volumes were excluded from analyses if, relative to median head position, head displacement was greater than 1.5 mm or head rotation was greater than 0.5°. T tests revealed no significant group differences in the number of volumes retained after discarding those with motion artifact.
For each subject, voxel-wise effect size (r) maps were obtained by contrasting activation for angry versus neutral face blocks as well as for happy versus neutral face blocks, separately for baseline and follow-up. A Fisher's z transform was also applied to normalize the effect size maps (zr) (Rosenthal 1991). Subjects' zr maps and SPGR anatomical images were warped into Talairach space using automated procedures in AFNI (Analysis of Functional NeuroImages; Cox and AFNI 1996) . We re-sampled each individual Talairach-transformed functional map (3.125× 3.125×6 mm grid) to an isotropic 3×3×3 mm grid to provide a voxel dimension similar to that of the in-plane resolution of the acquired data.
In order to examine effects of lamotrigine treatment in PBD, the primary analysis for this study was a whole-brain voxel-wise 2×2×2 analysis of variance (ANOVA), including all patients (i.e., the 14 patients who achieved euthymic state at follow-up and the three patients who did not), with group (PBD and HC) as the between-subjects factor and testing time (baseline, follow-up) and face emotion condition (i.e., angry vs neutral, happy vs neutral) as withinsubjects factors, where a significant three-way interaction of group×testing time×face emotion condition was followed by pair-wise comparisons for the significant clusters emerging from the interaction, to clarify within-and Fig. 2 Illustration of match trials in the two-back working memory task, with happy, neutral, and angry faces between-group differences in activation for testing time and face emotion conditions. Furthermore, to correct type I error rates for multiple group comparisons, we used an adjusted voxel-wise probability threshold for significance of p < .01. Then, to correct for voxel-wise multiple comparisons in the fMRI analyses, we performed AlphaSim Monte Carlo simulations (Ward 2000 ) at the whole-brain level, which were restricted to in-brain voxels, to identify clusters of voxels with significant group difference using a contiguity threshold (minimum volume threshold = 351 cubic mm; minimum clustering radius=3.1 mm; and uncorrected p=.01) that ensured an experiment-wise type 1 error rate of p<0.02 (corrected p).
A secondary analysis included data from all HC subjects (n=13) but only those patients who achieved euthymic state at follow-up (i.e., 14 of 17 patients) in order to explore brain function in euthymia. Both for fMRI and behavioral data, the pattern of results did not differ significantly for the two sets of analyses. Therefore, in the "Results" and "Discussion," we focus on the findings from our primary analysis that included all patients. Future studies will need to directly compare and contrast patterns of treatment improvement in comparable samples of euthymic and non-euthymic PBD patients.
Finally, we also performed Pearson's correlation analyses to explore the relationship between patients' changes in activation from baseline to follow-up in brain regions that resulted significant in the primary analysis whole-brain ANOVA (i.e., right amygdala and VLPFC) and clinical measures (YMRS and CDRS-R). Bonferroni corrections for multiple comparisons (n=4) were applied in these analyses (i.e., using a p<.0125, corresponding to a corrected p<.05). The anatomical ROIs adopted for these analyses, defined in standard Talairach space, are available at our UIC Center for Cognitive Medicine site: http://ccm.psych.uic.edu/ Research/NormalBrain/ROI_rules.htm.
Results

Demographic and clinical data
Clinical and demographic data for the two groups are illustrated in Table 1 . Separate ANOVAs for each demographic measure revealed that the two groups did not differ significantly for age, estimated IQ, and SES. Fisher's p tests (two-tailed) also revealed no significant group differences for handedness, gender, and racial composition. Two separate 2×2 ANOVAs compared subjects' scores for YMRS and CDRS at baseline and follow-up. As shown in Table 1 , manic and depressive symptoms in PBD improved significantly with pharmacotherapy.
Behavioral performance results
Behavioral data from one PBD and two HC subjects were lost due to technical problems, and therefore, the behavioral analyses were conducted on 27 subjects. A repeated-measures 2×2×3 ANOVA with group (PBD and HC) as a between-subjects factor, and testing time (baseline, follow-up) and emotion condition (angry, happy, or neutral) as within-subjects factor, was carried out on mean RT and accuracy data. Results are summarized in Table 2 . With regard to mean RT data, the main effect of group was not significant, but there was a main effect of testing time (F(1, 25)=5.03; p=.03) indicating that RT was faster at follow-up compared with Talairach coordinates and t values for clusters for which there is a significant three-way interaction (corrected p<0.020 with cluster contiguity threshold) in the whole-brain ANOVA for the angry or happy face condition. The table also lists the significant group differences obtained from post hoc decomposition of the significant interaction HC healthy control group, PBD pediatric bipolar disorder group, BA Brodmann's area, L left, R right baseline in both groups. A main effect of emotion condition (F(2, 50)=4.21; p=.02) revealed that, in both groups, RT for angry faces was slower than for happy faces (F(1, 25)=6.04; p=.02), but RT for angry or happy faces did not differ significantly from that for neutral faces (p=.12). For accuracy, a main effect of group (F(1, 25)= 10.23; p=.004) indicated that overall the PBD group had lower performance accuracy than HC, but this did not vary across facial emotion conditions. No other significant results were found.
fMRI results
The three-way interaction of group by testing time by emotion condition in the whole-brain, voxel-wise ANOVA, was significant ) F(1, 28)=5.57, p=0.025). Tables 3, 4 , 5, and 6 illustrate clusters for which the three-way interaction was significant and the directionality of within-and betweengroup differences for the "angry face condition" (i.e., angry vs neutral faces) or "happy face condition" (i.e., happy vs neutral faces), at baseline and follow-up, as assessed by t tests. Talairach coordinates and t values for clusters for which there is a significant three-way interaction (corrected p<0.020 with cluster contiguity threshold) in the whole-brain ANOVA for the angry or happy face condition. The table also lists the significant group differences obtained from post hoc decomposition of the significant interaction. Abbreviations as for Table 3 Talairach coordinates and t values for clusters for which there is a significant three-way interaction (corrected p<0.020 with cluster contiguity threshold) in the whole-brain ANOVA. The table also lists the significant within-group difference for the comparison of follow-up and baseline activation, obtained from post hoc decomposition of the significant interaction ACC anterior cingulate cortex; VMPFC ventromedial prefrontal cortex (abbreviations are as for Table 3) Group differences for the angry or happy face condition at baseline
Angry face condition at baseline Relative to HC, the PBD group exhibited no areas of increased activation and reduced activation in the left VLPFC (BA 45, 47; Fig. 3a ) and right dorsal caudate (Table 3) .
Happy face condition at baseline Relative to HC, PBD exhibited no areas of reduced activation, and greater activation in the right amygdala, bilateral VLPFC (BA 45 and 47) (Fig. 3b) , right DLPFC (BA 44 and 9; BA 10/46) and middle temporal gyrus, and left medial frontal gyrus.
Group differences for the angry or happy face conditions at follow-up
Angry face condition at follow-up Relative to HC, the PBD group showed increased activation in right amygdala and decreased activation in right precuneus and superior temporal gyrus (Table 4) .
Happy face condition at follow-up The PBD group showed greater activation than HC in left amygdala and middle temporal gyrus, and no areas with reduced activity relative to HC.
Within-group differences for the angry or happy face condition at follow-up vs baseline
Angry face condition at follow-up vs baseline The PBD group, at follow-up relative to baseline, exhibited increased activation in the right VLPFC (BA 47) and reduced activation in right amygdala and inferior parietal lobule. At follow-up, relative to baseline, HC exhibited reduced activation in the right VMPFC, left dorsal ACC, dorsal caudate, putamen and middle temporal gyrus and no areas with increased activation (Table 5) . Group differences for the angry or happy face condition at baseline vs follow-up. Talairach coordinates and t values for clusters for which there is a significant three-way interaction (corrected p<0.020 with cluster contiguity threshold) in the whole-brain ANOVA. The table also lists the significant group differences obtained from post hoc decomposition of the significant interaction ACC anterior cingulate cortex (abbreviations are as for Table 3 ) Happy face condition at follow-up vs baseline For followup vs baseline, the PBD group exhibited no increases in activation and reduced activation in right amygdala and right dorsal ACC. The HC group exhibited no significant differences.
Group differences for angry or happy face condition at follow-up vs baseline
Angry face condition For the angry face condition at follow-up vs baseline, the PBD group exhibited greater activation than HC in the right VLPFC (BA 47) (Fig. 3c) , left subgenual ACC, left dorsal caudate and right amygdala, and reduced activation in the left precuneus (Table 6 ).
Happy face condition For the happy face condition at follow-up vs baseline, the PBD group exhibited greater activation than HC in right middle temporal gyrus, and reduced activation in no region.
Neural correlates of symptom improvement
Based on our finding of improved right amygdala and VLPFC function from baseline to follow-up with treatment in PBD, which was important for our hypotheses (see Table 5 ), for the angry face condition we carried out Pearson's correlation analyses between YMRS and CDRS scores and right amygdala and VLPFC activation. We report our results with Bonferroni corrections for multiple comparisons (n=4; i.e., using a p<.0125, corresponding to a corrected p<.05). With regard to YMRS, for the angry face condition there was a significant positive correlation between percent improvement in YMRS scores and percent of reduction in right amygdala activation from baseline to follow-up (r=.56, corrected p<.05) (Fig. 4a ) There was also a significant positive correlation between percent improvement in YMRS scores and percent of increased activation in right VLPFC from baseline to follow-up (r=.64, corrected p<.05) (Fig. 4b) . With regard to CDRS, after corrections for multiple comparisons no significant results were found.
Discussion
The present study suggests that lamotrigine treatment may improve mood regulation and alter the impact of affective arousal on prefrontal regions and amygdala in PBD during an affective working memory task. The central findings include normalization of prefrontal function in VLPFC in PBD after pharmacotherapy, which correlated significantly with improvement in manic symptoms. With treatment, activation in right amygdala decreased in PBD, but the right amygdala was still overreactive in patients relative to HC. Amygdala dysfunction, as well as prefrontal dysfunction in VLPFC, are a prominent feature of the hypo/manic state (Foland et al. 2008; Pavuluri et al. 2009a Pavuluri et al. , 2010a , and it has been suggested that reduced functional connectivity between VLPFC and amygdala in adult patients with BD relative to HC during emotion processing tasks may contribute to the persistent fronto-limbic dysfunction seen in this disorder (Foland et al. 2008) . With regard to behavioral performance, patients exhibited lower task accuracy relative to HC at baseline and follow-up, but there were no significant effects of Fig. 4 Significant correlation, in the PBD group for the angry face condition, between percent improvement with treatment in YMRS scores and: a Percent reduction in right amygdala activity (r=.56; corrected p<.05); b percent increase in right VLPFC activity (r=.64; corrected p<.05). VLPFC ventrolateral prefrontal cortex treatment on group differences or within the patient group, which is possibly due to the small samples and the small number of trials in each condition in order to keep scanning time short.
Fronto-limbic dysfunction in PBD relative to HC at baseline
In line with our predictions, for the angry face condition at baseline, the PBD group, relative to HC, exhibited reduced activation in left VLPFC regions (i.e., BA 45 and 47) which are key to both regulation of behavior (Konishi et al. 1999; Aaron et al. 2003; Pavuluri et al. 2009c Pavuluri et al. , 2010a Passarotti et al. 2010b ) and regulation of affect (Botvinick et al. 2001; Pavuluri et al. 2008; Passarotti et al. 2010a, c) . Moreover, directly related to the current working memory paradigm, specific regions within the left VLPFC have been implicated in cognitive control of memory process (Petrides 1994; Badre and Wagner 2007) , with the mid-VLPFC (BA 45) being involved in selection and the anterior VLPFC (BA 47) controlling access to stored memory representation. Our previous studies found VLPFC to be consistently underactive in PBD during processing of negative emotions (Pavuluri et al. 2008 (Pavuluri et al. , 2009a Passarotti et al. 2010b, c) , and this region has been suggested as a potential neural phenotype for affect regulation deficits in mania (Frangou et al. 2005) . We also found that PBD relative to HC exhibited decreased activation in the right dorsal caudate. The dorsal caudate is part of a fronto-striatal system (Alexander et al. 1986 ) subserving DLPFC-dependent working memory processes (Levy et al. 2005) , for instance by aiding prefrontal cortex with strategic manipulation of information during working memory tasks (Lewis et al. 2004; Owen et al. 2005) . For the happy face condition, at baseline the PBD group, relative to HC, exhibited increased activation in the VLPFC, DLPFC, VMPFC, and temporal regions. Moreover, we found increased amygdala activation in PBD relative to HC, in line with previous findings of persistent amygdala hyperactivity in bipolar disorder (Pavuluri et al. 2008 (Pavuluri et al. , 2009a Gruber et al. 2009 ). Our baseline findings with negative and positive valence stimuli are in line with our previous results with PBD using an affective color matching task (Pavuluri et al. 2008; Passarotti et al. 2010a) . These findings are consistent across several of our studies (Pavuluri et al. 2008 (Pavuluri et al. , 2011 Passarotti et al. 2010a, c) , where PBD relative to HC exhibits greater impact of negative emotions illustrated with VLPFC under-activity, while positive emotions, which are not as challenging, lead to increased VLPFC activation in PBD relative to HC. Our repeated findings across studies and patient samples suggest that VLPFC under-activity with negative emotion is a consistent finding in PBD pathology and may be a potential bio-marker of the manic state of illness.
Normalization of prefrontal activity with lamotrigine treatment in PBD At retest after 14-week pharmacotherapy, the PBD group illustrated 'prefrontal normalization' in that patients did not differ from HC anymore in terms of VLPFC, VMPFC or DLPFC activation for both the angry and happy face conditions. In fact, within the PBD group, for the angry face condition at follow-up relative to baseline, increased activation in prefrontal regulatory regions was noted, similar to other studies (Pavuluri et al. 2010a, b, c) . Importantly, in line with previous findings on lamotrigine studies in PBD during an affective color matching task , there was a significant correlation between changes in activation in right VLPFC and improvement in YMRS score with treatment, suggesting a direct relationship between functional recovery in this emotional control region and manic symptom improvement. While more evidence is needed in this regard, our preliminary findings of a reversal in prefrontal dysfunction after pharmacotherapy suggest that prefrontal dysfunction in PBD may be related to mood state and may improve significantly alongside symptom remission in euthymic patients.
Moreover, supporting the growing evidence that neural dysfunction for emotion processing in BD differs from that of other mood disorders (Lawrence et al. 2004) , in line with our previous studies (Pavuluri et al. 2008; Passarotti et al. 2010a , c), we obtained here more robust changes in brain activation with treatment for the negative valence relative to the positive valence emotion condition. Only for the negative valence condition we also find significant correlations between improvements in YMRS scores and improved function in the VLPFC and amygdala. This finding suggests that that the dysfunctional interface of prefrontal and limbic regions in PBD is dynamic in nature and modulated by the emotional valence of events in the environment. Decreased deployment of higher cortical regions in PBD relative to HC with negative emotion stimuli (e.g., angry faces) is understood to be due to greater demand on the already dysfunctional regulatory cortical systems as compared to positive emotion stimuli and this has been found both in children (Passarotti et al. 2010a, c; Pavuluri et al. 2007 ) and adults (Lawrence et al. 2004 ) with BD. Therefore, using stimuli with negative valence may better help identify markers of manic state in PBD. Furthermore, our findings may be interpreted as preliminary evidence showing specifically that lamotrigine treatment alters the influence of affective arousal on working memory systems, especially for negative emotion stimuli, in PBD. In future studies, neural response to negative emotions may be further explored and used as outcome measure, providing useful information, for example on the path to recovery during cognitive enhancement or psychosocial intervention.
Amygdala hyperactivity after lamotrigine treatment in PBD relative to HC Our findings showed that lamotrigine treatment showed systems-level changes in fronto-striatal and amygdala function. When examining limbic activity within the PBD group and in PBD relative to HC at baseline and after treatment, our main finding was that of decreased amygdala activity within patients after treatment, while there was still greater amygdala activity in patients relative to HC after treatment. More specifically, our study found a significant correlation between improvement in YMRS scores and a decrease in right amygdala activity with treatment for negative valence stimuli in our manic/mixed and hypomanic patients, suggesting direct relationship between severity of manic symptoms and amygdalar dysfunction. Chang et al. (2008) found a correlation between improvement in CDRS score for depression and decrease in amygdala activity in depressed children with PBD. These findings, while preliminary, suggest regulatory effects of lamotrigine treatment on amygdala function that relate to improvement in manic or depressive symptoms in PBD patients, depending on their relative mood state.
However, it is important that future studies better parse out and differentiate between amygdala dysfunction in depressed or manic bipolar patients, and between "state" vs "trait" aspects of PBD dysfunction. Furthermore, it will be crucial to gain a better understanding of how pharmacotherapy may affect the illness and shape euthymic state. A recent study by Versace et al. (2010) in adult BD suggests that patterns of functional connectivity between amygdala and ventral prefrontal regions during emotion processing differ for state vs trait in bipolar depression, but we still do not know whether children with BD would show the same patterns.
In the present study, activation in right amygdala decreased significantly with treatment in PBD for both task conditions, indicating that the adopted lamotrigine treatment alongside improving prefrontal function also aided in regulating amygdala activation in response to both negative and positive emotions. Nevertheless, despite the normalization of VLPFC function, amygdala activation remained greater in PBD relative to HC for both face emotion conditions after 14 weeks of pharmacotherapy, even though the majority of patients were in euthymic state. Our present findings are in line with previous studies (Gruber et al. 2009; Pavuluri et al. 2009a, b, c) that suggest that amygdala over-reactivity may be a trait in bipolar diathesis, which persists even in stable patients despite positive clinical outcome. Alternatively, it is possible that lamotrigine treatment and/or the present treatment duration may only partially resolve amygdala dysfunction. Future studies with larger samples and targeted tasks that challenge affective circuitry will need to better investigate and confirm whether amygdala dysfunction persists as a trait of PBD in euthymic patients with longer treatment duration or with different medications.
Impact of lamotrigine treatment on brain function from baseline to follow-up in PBD relative to HC When comparing the two groups for changes in brain activation over time, for the angry face condition, PBD relative to HC showed greater changes over time in right amygdala, right VLPFC, left subgenual ACC and left caudate. The VLPFC along with VMPFC is involved in emotional control (Aaron et al. 2003; Konishi et al. 1999; Pavuluri et al. 2008; Rubia et al. 2010 ) and evaluation of emotions (Botvinick et al. 2001; Pavuluri et al. 2009a, b, c; Passarotti et al. 2009 ) and has been found to be functionally Pavuluri et al. 2008 Pavuluri et al. , 2009a Passarotti et al. 2010a, b; Frangou et al. 2005; Leibenluft et al. 2007 ) and structurally (Bora et al. 2010; Adler et al. 2004; Pavuluri et al. 2009a, b, c) abnormal in bipolar pathology. The subgenual ACC is involved in automatic regulation of emotional behavior and there is evidence that it exhibits reduced BOLD signal ) as well as gray matter reduction (Bora et al. 2010) in BD. Moreover, reduced functional connectivity between VLPFC (Foland et al. 2008) or perigenual ACC (Wang et al. 2009 ) and amygdala in BD during emotion processing suggest functional abnormalities in this fronto-limbic network. In conclusion, our present fMRI findings, while preliminary, suggest that lamotrigine treatment improves significantly not only clinical symptoms in PBD but also neural dysfunction in regions that are crucial for emotion regulation during a working memory task with emotional challenge.
The present block design study is based on a relatively small sample of patients and HC, and has some limitations that suggest caution with regard to our data interpretation. Firstly, while a block design offers greater statistical power and BOLD signal stability relative to an event-related design, which is advantageous with clinical population studies, it cannot differentiate between brain activation for correct and incorrect trials. We think it is likely that our results reflect mainly brain activation for correct trials, given that both groups had high accuracy rates. However, it is beyond the scope of this block design fMRI study to address what neural alterations result from correct or incorrect responses, which would require an event-related design. Moreover, blocked presentations of angry and happy faces may favor habituation in amygdala response to emotions or prefrontal regions involved in emotion evaluation, while an event-related design may have greater ecological validity when studying brain response to emotional stimuli in patients with affect dysregulation. Secondly, while our main goal was to examine neural function at the interface of affect and working memory, we were unable to examine pharmacotherapy effects on working memory function in the absence of potentially emotional information. In fact, even though in each group we did find significant differences in brain activation between emotional and neutral faces, we did not necessarily have a truly non-emotional control condition for our PBD patients, given the evidence that even neutral faces, because of their potential social saliency, might be perceived as 'threatening' by children with PBD (Rich et al. 2006) . Future studies may need to include a non-face condition to assess baseline working memory function independent of emotion processing. Third, our study could not address the question of whether the beneficial effects of lamotrigine on working memory circuits are secondary to mood stabilization, or whether lamotrigine directly improves functioning in working memory regions. Preliminary evidence suggests that while lamotrigine has a general inhibitory effect on cortical neuronal excitability in motor regions, it also presents a more complex effect on frontal and subcortical regions (Li et al. 2004; Tergau et al. 2003) , which are functionally compromised in bipolar disorder ). Nevertheless, this question has not been addressed in child or adult patients with BD. Therefore future studies will need to further clarify lamotrigine effects on cognition as well as the interface of cognition and affect in PBD and other mood disorders.
Finally, our preliminary findings with 14 weeks of SGAs and lamotrigine monotherapy provide some preliminary evidence that in PBD prefrontal dysfunction may be statespecific, whereas amygdala over-reactivity may be a trait marker. Nevertheless, it is possible that longer or different pharmacotherapy treatments may yield different results. Future studies will need to disentangle state-versus traitrelated dysfunction in PBD, possible differences in treatment response between BD Type I or II, the impact of comorbidities such as anxiety disorders, CD or ODD, as well as the effects of duration and type of pharmacological treatment, towards more effective intervention based on mood dysregulation profiles.
